A technique has been developed for measuring water film thickness in a two-phase annular flow system by the capacitance method. An experimental model of the flow system with two types of electrodes mounted on the inner wall of a cylindrical tube has been constructed and evaluated. The apparatus and its ability to observe fluctuations and wave motions of the water film passing over the electrodes is described in some detail.
Introduction
Some two-phase flow systems, in which the liquid and gaseous phases are confined to the interior of a cylindrical tube, are characterized by an annular film of liquid which flows along the wall of the tube, and by an interior dispersion of droplets and gaseous components. In order to study the properties of such systems it is important to measure, with some precision, the thickness of the annular film.
Previous studies have shown that this film may range in thickness from zero, or nearly zero, to several millimeters or more. Moreover, the film thickness is known to vary rapidly with time and position due to the presence of waves of various frequencies and forms of turbulent behavior.
A valid thickness measurement technique should satisfy several criteria. Because of the presence of wave motions and other disturbances, it should be capable of rapid response. For similar reasons it should average its measurement over as small an area as possible (unless only average data are desired). It should not require that the fluid, in this case, water, be unrealistically altered by the addition of seeding materials or ionic salts.
A number of techniques has been employed in the past to make film thickness measurements (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Of these, the most common method (1) has beei, to exploit the difference in conductivity between the liquid and gaseous phase. Conductivity probes, flush mounted in the wall of the tube, sense the resistance of the fluid and, hence, the thickness. Penetrating conductivity probes (2) in the form of insulated needles with conductive ends have also been employed to estimate the film thickness. Unfortunately, the conductivity of pure water is so low that these methods have, for the most part, required the addition of ionic salts to make reliable measurement possible.
In the present study, a capacitance method (6) was elected to measure the film thickness, based upon the fact that the dielectric constant of pure water is very large, exceeding by a factor of about 80 that of the surrounding gaseous phase. The capacitance of two electrodes mounted on the interior surface of the tube covered by a water film will increase as the film thickness is increased. The method has the main advantage that it can be made to work reliably with pure water and, being non-intrusive, will not distrube the flow. The response time is determined by the performance of the capacitance meter which should be fast enough to observe wave motions and other fluctuations in the film.
Design of Capacitance Electrodes and
Measuring System A plexiglass tube of 1.25 inch inside diameter was used for the annular flow experiment. A convenient geometrical arrangement for the capacitance measurement of the film thickness consists of a pair of concentric metallic bands mounted coaxially around the wall of the flow tube and inset so that they do not disturb the liquid flow. Electrodes of this type (ring electrodes) have been described elsewhere (6) .
The dimensions of these electrodes are characterized by the perimeter of the rings, Q = 7D, where D is the diameter of the tube, the width of the rings, a, and their separation, d. Such electrodes will only average the film thickness measurement around the perimeter of the tube. Therefore, smaller electrodes capable of measuring the thickness at a point on the tube wall may also be required. These electrodes, (disk electrodes), are in reality a pair of small electrodes of a given configuration on the end of a small diameter (4 to 6 mm) cyclindrical rod. The ends of the electrodes are mounted flush with the inner surface of the flow tube and appear as two small metallic disk electrodes separated by an insulation gap.
To design the disk electrodes, it was necessary to consider the sensitivity and dynamic range of operation. Electrodes with a narrower gap and larger area will yield a larger capacitance and, consequently, greater sensitivity. On the other hand, the dynamic range of operation will be increased with the width of the gap because a thicker fluid film can be measured before saturation with a larger gap. To select a proper shape and size of electrode, a number of different patterns of electrode pairs was tried out using two different diameters, namely 6 mm and 4.5 mm (Fig. 1). A variety of geometrical sizes and shapes is given in Fig. 1 Fig. 4 shows the construction in detail.
Calibration of Electrodes
The electrodes were calibrated in two ways. A static calibration was performed by covering the electrode with a stationary film of water of known thickness and the capacitance measured as a function of water film thickness. A specially constructed flow system was designed for a dynamic calibration. This system consisted of a section of pipe into which the electrodes, disk-or ring-type, were mounted. The capacitance of the electrodes was measured with running water of known thickness flowing along the inner wall of the pipe and over the surface of the electrodes.
The water film thickness along the tube's inner wall is a function of the measured flow-rate of the water as explained below.
Static Calibration
The apparatus for static calibration consisted of water containers of carefully controlled dimensions. For the disk electrodes a cylindrical water container made of plexiglass was designed having a hole in the bottom into which the rod supporting the disk could be inserted so that the disk was flush with the bottom surface. The water film thickness on top of the electrode was determined by two independent methods, (1) by calculation from a known volume of fluid in the container and (2) by detection of the water surface with a microscope device which was specially designed to measure thickness down to 0.1 ,. Different kinds of water, namely low conductivity water (LCW), tap water (TW), distilled water (DW) and de-ionized water (DIW), were employed for the calibration. The conductivities, 6 , of the different fluids are as follows: 6LCW = 6.61 vS/cm, 6TW = 66.7 pS/cm, 6DW = 2.0 pS/cm and 6DIW = 2.63 pS/cm. Among them the LCW and TW were used most frequently. For the static calibration of ring electrodes, a rectangular water tank, with a leveling screw for fine level adjustment, was used. Copper strips with an identical gap between them as that of the actual ring electrode pair, whose length equalled the tubes' circumference, were prepared on a printed circuit board which was adjusted and checked with a water-bubble gauge to make sure that it was parallel to the water surface. Since the electrode's surface was not flush with the bottom of the water tank, the elevation of the electrode's surface and thickness of the first water layer had to be determined by means of the microscope. Thereafter, the determination of the water thickness was carried out as described in the preceding paragraph. Because of the relatively large inner diameter of the tube, in comparison to the width and gap length of the electrodes, a pair of flat strips was considered adequate for this calibration. The tests were done mainly with low conductivity and tap water at room temperature.
Dynamic Calibration
The apparatus for the dynamic calibration of the capacitance probes is shown in Fig. 5 The meter has a cut-off frequency of about 600 Hz, which is adequate for the dynamic detection of waves generated during the annular flow. The capacitance meter is sensitive enough to detect a capacitance change of 0.1 pF in 2ms. The stated requirement for the capacitance meter 72BD to give an accurate readout is that the Q factor be greater than 5. However, it had been tested and found that even with a Q as low as 0.9, the error in the result is still well within 1%. The high Q requirement, however, is not a problem, as a small external capacitor can always be connected in parallel with the electrodes to increase the figure of merit.
Experimental Results Selection of Electrode Patterns for the Disk-Type Electrode Pairs
In order to optimize the geometrical configuration of the disk-type electrodes, preliminary measurements were first made using electrodes of various shapes and sizes. To simplify the measurements, these electrodes were generated photographically on printed circuit boards. The initial capacitance of these kinds of electrodes is always very low because of the small thickness (0.016") of the copper sheet. In Fig. 1 two families of curves are shown to illustrate that the characteristics of the electrode pairs depend very much on their shape. The solid curves (A, B, C, D, E) are for electrode pairs with an outside diameter of 6 mm, while the dashed curves (a, b, c, d, e) are for electrodes with a 4.5 mm diameter. The air-gap was about 0.8 mm for the large electrodes and 0.6 for the small electrodes. From these curves several conclusions can be drawn; namely, (1) the saturated capacitance increases with the size of the electrode (by comparing families I and II), (2) the sensitivity of the electrode AC/At, increases with the length of the gap, (by comparing A, B, C, etc.) and (3) the dynamic range, i.e. the range of the water thickness from zero to the knee region of the curve, increases with the width of the gap, (comparing electrode E or e to the other electrodes in the same family).
The electrode C has a very simple geometric form and, in addition, has a relatively high sensitivity and a wide dynamic range. Based upon this investigation, it was decided to use pattern C with a diameter of 6 mm for the design of the disk electrodes.
Comparisons Between Static and Dynamic Measurements
There are two kinds of disk electrodes tested: the ceramic and the copper electrode. Since the data of the static measurements are taken by adding water to the container step by step, it is always possible to obtain a smooth curve with good consistency. In Fig. 6 two curves are shown which represent the measurement results for a ceramic and for a copper electrode. Obtained with low conductivity water, the curves differ from each other by about 20% (less than 1 pF), which is understandable since the geometrical dimensions of the two electrodes are not exactly identical. The small triangles and crosses are the measured points from dynamic measurements taken at different times. Misalignment of the rod electrode inside the tube will cause considerable deviation between the dynamic measured points and the static curve.
With accurate adjustment the dynamic measured points fell on the static curve with good consistency. The data were repeatable. This implies that static calibration is applicable to dynamic conditions. This fact was further strengthened by measurements with the ring electrodes.
The results of the dynamic measurements carried out with the ring electrodes are given in Fig. 7 , where the large number of points was also taken at different times, with TW or LCW. The most significant and important fact is that all the points fell on the static curve with little deviation, except those few points near 3 mm, which were, at the time, limited by the flow system. There appeared to be no problem of alignment, since the ring electrode pair was mounted flush with the inner wall of the annular tube section, and the dynamic data coincided with the static curve, as expected.
Influence of Water Temperature and Conductivity on Film Thickness Measurement
It is important to determine the influence of temperature on the capacitance measurement. The initial capacitance of the electrode pair did not change significantly when the electrodes were heated up by a hot air gun or cooled by a coolant spray. With LCW (conductivity 6 = 6.67 PS/cm) the saturation capacitance changed by about 6% from 17°C to 49°C, while the capacitance within the dynamic range remained practically unchanged. When tap water (d = 66.7 pS/cm) was used, the variation of the measured saturation capacitance can be as high as 50% within the same temperature range.
The temperature dependence is caused by the conductivity of the tap water, which increases rapidly with temperature. The capacitance meter requires a moderate quality factor, Q = 5. A highly conductive water film above the electrodes of small capacity of a few pF tends to deteriorate the quality factor. However, an external capacitor connected in parallel to the disk electrodes to increase the Q value will significantly reduce the temperature dependence. The temperature effect with disk electrodes in the form of solid rods and ring electrodes, which have large initial capacitances, was not observed.
Discussion
We have investigated two types of capacitance probes for making water film thickness measurements in annular two-phase flow configurations.
Capacitance probes of the disk-type are useful for making local measurements. However, as has been shown, their dynamic range is limited. For the probes considered in this report, the maximum, reliably measurable film thickness is approximately 1-2 mm. The only way the filrn thickness range can be increased is to enlarge the physical size of the probes. Thus, localization and thickness range are competing constraints subject to compromise. The disk-type electrodes have the advantage that they can be easily installed in the flow tube at any desired position.
The ring-type electrodes, on the other hand, have superior sensitivity and dynamic range. As shown above, they have the capability of making film thickness measurements up to 4-5 mm. Because they completely encircle the flow tube, measurements with these probes are averaged over a larger area. The ring-type probes are more difficult to construct and cannot be repositioned as easily as the rod electrodes.
As can be seen from the calibration curves, for example Fig. 7 
